Water quality degradation is a chronic problem which influences the resilience of a social-ecological system differently than acute disturbances, such as disease or storms. Recognizing this, we developed a tailored resilience framework that applies ecosystem service concepts to coastal social-ecological systems affected by degraded water quality. We present the framework as a mechanism for coordinating interdisciplinary research to inform long-term community planning decisions pertaining to chronic challenges in coastal systems. The resulting framework connects the ecological system to the social system via ecological production functions and ecosystem services. The social system then feeds back to the ecological system via policies and interventions to address declining water quality. We apply our resilience framework to the coastal waters and communities of Cape Cod (Barnstable County, Massachusetts, USA) which are affected by nitrogen over-enrichment. This approach allowed us to design research to improve the understanding of the effectiveness and acceptance of water quality improvement efforts and their effect on the delivery of ecosystem services. This framework is intended to be transferable to other geographical settings and more generally applied to systems exposed to chronic disturbances in order to coordinate interdisciplinary research planning and inform coastal management.
Introduction
The same natural amenities that lead people to live and recreate along coasts can be degraded by that very proximity and social demand for ecosystem services. The human footprint on the environment is considerable in coastal zones (Halpern et al. 2008) , especially with regard to water quality (Doney 2010) . Coastal communities' ability to respond to and mitigate these impacts in order to maintain a reliable quantity and quality of ecosystem services represents a critical feedback mechanism necessary for the resilience of social-ecological systems. Concepts such as ecosystem services and socialecological systems are increasingly being used to translate many of these complex interactions into frameworks and models that describe the organization and management of natural resources (Yoskowitz and Russell 2015; Biggs, Schl€ uter, and Schoon 2015; Collins et al. 2011) . A social-ecological systems approach (Berkes and Folke 1998) requires researchers across diverse social and ecological disciplines to engage in integrated assessments to resolve natural resource management problems (Carpenter and Gunderson 2001) .
In this study, we describe the application of resilience concepts to social-ecological systems research, specifically to water quality issues in coastal systems. We develop a resilience framework which incorporates ecosystem service concepts to better understand components of coastal social-ecological systems affected by water quality degradation. Resilience in the context of this paper is defined as the capacity of a system to absorb disturbances and respond to change while providing the same or similar ecosystem services provided through the system's function, structure, and feedbacks (Scheffer et al. 2001; Holling 1973) . We highlight the important features and gaps in coastal social-ecological systems that impede social action to address nutrient challenges in coastal waters. By using our approach, research can be more appropriately directed to fill knowledge gaps to inform and facilitate management decisions that may lead to enhanced resilience of the system. We discuss the framework in application to Cape Cod's ("the Cape;" Barnstable County, Massachusetts, USA) coastal waters and communities and the impacts of nitrogen over-enrichment. The framework is intended to be useful to researchers and managers in other coastal settings and more widely applicable to social-ecological systems exposed to chronic disturbances.
Water quality problems resulting from excess nutrient inputs tend to be complicated, long-term challenges for a number of reasons. Nutrients are essential ingredients for primary production and the production of some ecosystem services will benefit from small amounts of nutrient addition, making it challenging to determine how much nutrient addition is ecologically destructive or socially unacceptable. Frequently, nutrient inputs are from non-point sources and may originate far from the impacted waterbody, making it difficult to connect source to effect. Distant sources of nutrients may take months to decades to reach impacted water bodies, so problems can develop slowly over time. In addition, there are significant time lags between action to mitigate the problems and the realized benefits of doing so (Underdal 2010) .
Chronic stressors, or disturbances that are gradual and build over time, are sometimes characterized as slow-impact hazards or as pressures (Cutter et al. 2008) . Such disturbances persist across long time periods and impacts can accumulate slowly, preventing opportunities for recovery (Nystr€ om, Folke, and Moberg 2000) . Some examples of chronic stressors that affect the resilience of social-ecological systems include water supply issues (Milman and Short 2008) , sea-level rise, temperature increases, and the impacts of water quality degradation (Duh et al. 2008; Gunderson et al. 2006; Cottingham and Carpenter 1994) . The key differences between an acute and a chronic exposure relates to the magnitude and duration of the exposure. While an acute exposure might be of high magnitude and occur over a short period of time, a chronic exposure is continuous or continuously repeated. We refer to nutrient over-enrichment as a chronic exposure in this study because of the constant nature of the input, associated time lags, and often slow ecosystem response.
Due to their slow-onset time, these chronic stressors may provide the opportunity for communities to mitigate and/or adapt in a way which maintains the social-ecological system's structure and function (Cutter et al. 2008 ). However, experience shows this does not necessarily mean mitigation or adaptation will happen or has happened. Because of the breadth of challenges facing coastal systems and the uncertainty in the cause and effect of interventions, environmental managers rarely have the opportunity to be sufficiently proactive in mitigating or reacting to chronic problems. Research designed to overcome these management challenges can enhance the resilience of a social-ecological system by strengthening the primary stabilizing feedback loop, as described in this paper, between the social and ecological systems. This feedback loop is the ability for the social system to respond to changes in ecosystem services through implementing policies and interventions to address chronic stressors.
Methods
In order to develop a useful resilience framework to investigate long-term, nutrientinduced water quality degradation, we synthesized a wide range of literature and incorporated concepts from existing frameworks. Our team consisted of a number of different fields of expertise including ecologists, biologists, economists, social scientists and decision analysts. As a group, we reviewed relevant theories and systems approaches for understanding the social and ecological elements of resilience. Below, we present the results of our literature review and framework development. We then explain our framework through an application to Cape Cod's estuaries and communities and describe its potential for developing integrated research programs.
Resilience
As defined above, our use of the term "resilience" encompasses concepts of resistance and recovery potential. Natural and social systems have components, functions, and feedback loops that provide resistance from changes to disturbances as well as the ability to respond to change while maintaining some dynamic equilibrium. Take, for example, two hypothetical dynamic equilibria, represented by different basins of attraction (Figure 1 ; Biggs, Schl€ uter, and Schoon 2015; Folke et al. 2004; Holling 1973) . These dynamic equilibria could represent either the social system, ecological system, or the entire connected system. In the context of this paper, these basins represent a system in a desirable equilibrium defined by a high provision of ecosystem services and a second possibly stable, but undesirable equilibrium with degraded ecosystem services.
There are a number of effects on social-ecological systems from chronic disturbances such as anthropogenic nutrient loading. Chronic disturbances move it away from its original dynamic equilibrium point (represented by the large arrow in Figure 1b ) and erode the resistance of the system, represented by a shallowing of the basin (Figure 1b ). This erosion of the resistance of the system makes it more likely that the system will be perturbed to the point that it passes a tipping point and trends towards an alternative dynamic equilibrium (1 to 2 in Figure 1b) . As a consequence, the erosion in resistance that results from chronic disturbances leaves the system more vulnerable to acute disturbances. It may also inhibit recovery due to the cumulative effect the stressor had on the system. Recovery is represented by returning towards and enhancing the stability of a desirable equilibrium (Figure 1c) . The ability to resist change coupled with the ability to recover are both elements of the resilience of the social-ecological system.
The resilience of coastal social-ecological systems can be affected by a number of different stressors (Van Oudenhoven, Mijatovi c, and Eyzaguirre 2011), ranging from acute events to the more chronic impacts such as water quality degradation, coastal erosion and climate change. A considerable body of resilience literature has been developed for acute events that integrates both the social-ecological systems and ecosystem services literature (e.g., Brose 2015; Cimellaro 2016; Cutter 2016) . However, a similar body of work addressing chronic problems has not been concurrently developed. Typically, resilience to chronic issues is considered only from the perspective that the ongoing subtle impacts may eventually lead to sudden, drastic changes because of the loss of resilience in the system (Scheffer et al. 2001; Cinner et al. 2013 ).
Water quality and resilience
There is little work connecting water quality and resilience in social-ecological systems. Past studies related to water quality and resilience have focused primarily on the ecological impacts of water quality rather than overall system impacts, including social impacts. In addition, the studies mostly focus on the degradation of freshwater lakes and wetlands (e.g., Brookes and Carey 2011; Gunderson et al. 2006; Cottingham and Carpenter 1994; Cottingham and Carpenter 1994) . In one of the early works in temperate lakes, Cottingham and Carpenter (1994) developed predictive indicators of ecosystem resilience and found the planktivore-dominated food web to be more resilient at low nutrient loadings, but the piscivore-dominated food web to be more resilient at the highest nutrient loadings. Carpenter and Cottingham (1997) found degraded lakes to be less valuable than normal lakes, highlighting the value of restoration for resilience of Figure 1 . Dynamic equilibrium shifts in social-ecological systems. Note. The basins represent two possible dynamic equilibria (1 and 2). The three variations represent: (a) a system in dynamic equilibrium, (b) a chronic stressor perturbing the system and eroding resistance, (c) recovery from a chronic stressor. The figure was adapted from Proença and Fern andez-Manjarr es (2015) and Folke et al. (2004) .
social-ecological systems dependent on the lakes. Gunderson et al. (2006) compared linkages across social systems and ecological systems centered around lakes and wetlands, highlighting the need for productive learning, trust, and leadership within the systems. Brookes and Carey (2011) discuss the need for considering multiple factors that favor cyanobacteria in the management of freshwater systems, including climate change and nutrients.
The limited body of work that evaluates the impact of water quality on the resilience of marine systems and coastal communities is primarily focused on tropical waters, coral reefs, and seagrass systems. In a review article, Folke et al. (2004) connected a loss of resilience resulting from emissions of waste and pollutants to an increased possibility of the system shifting to alternate steady states. The authors highlighted the possible synergistic impacts of the chronic pollutants with acute stressors, such as disease or storms. Hughes et al. (2003) reviewed the importance of management strategies that support coral reef resilience to allow for the change due to climate change and coral bleaching. Adger et al. (2005) discussed social-ecological resilience to coastal disasters and described the complex feedbacks between economic output, water quality, and coral reef health. Water quality and overfishing are discussed as contributing to the erosion of the resilience of the systems, thereby impacting the capacity to cope with disasters.
Nystr€ om, Folke, and Moberg (2000) highlighted the synergistic impacts of chronic nutrient pollution on coral reefs with overfishing and natural disturbances. They discussed the differences between persistent human-induced and pulsed natural disturbances, noting that with persistent, accumulated disturbances, there is little time for recovery. In their framework for the resilience of seagrass ecosystems, Unsworth et al. (2015) examine a number of different stressors to seagrass systems, including water quality degradation, and connect those stressors to ecological regime shifts. They also identify management actions that can be implemented to interact with the influence of those stressors.
Applications of social-ecological systems resilience concepts related to quality degradation in temperate coastal systems are not well-represented in the literature. The chronic nature of nutrient induced water quality degradation and the long lag times between social action and ecological impact does not fit well into most traditional resilience frameworks. As a way to organize research, some options for frameworks were not useful to one research discipline or another, or do not have easily translatable concepts that were meaningful in both the social system as well as in the ecological system. Therefore, our objective was to formulate a new framework for chronic exposures, specifically for water quality challenges.
Framework development
We developed a framework for investigating long-term nutrient exposure leading to water quality degradation through a holistic view of resilience, encompassing outcomes of and feedbacks between the natural and social systems. We then applied the framework to direct interdisciplinary research intended to overcome gaps in knowledge of the system that inhibits effective coastal water quality management. We applied the work of Cinner et al. (2013) and Marshall et al. (2010) to connect social and ecological vulnerability of a marine system to a chronic change, although their work primarily discussed resilience in terms of acute events. We used ecosystem services to connect the ecological system to the social system, following the framework described by Wainger and Mazzotta (2011) . Specifically, we used the final ecosystem goods and services (FEGS) construct (Landers and Nahlik 2013; Johnston and Russell 2011) . Following Cumming et al. (2005) , we incorporated temporal dynamics and acknowledged the importance of drivers external to the system of interest. We made a point to specifically include the resilience of the social system in addition to the ecological system and used Cutter et al. (2008) , to describe social resilience at a local level. The process of problem identification, defining resilience components, determining the important interactions in the social-ecological system, and broadening the context to be applicable to other potential chronic stressors, resulted in the framework presented in this paper.
Site description
Cape Cod includes fifteen towns, each of which has a number of estuarine and openwater beaches that are important to the quality of life of year-round and seasonal residents and are drivers of the tourism-based economy. Of the 53 distinct estuary embayment watersheds across the Cape, 38 have been identified as having nutrient-related impairments as of the fall of 2017 (Cape Cod Commission 2017a). Excess nutrients, especially nitrogen, can cause increased production of algae, epiphytes and macroalgae that, in turn, lead to other secondary symptoms of eutrophication (Bricker et al. 1999) such as periodic algal blooms, fish kills, and unpleasant odors. This is largely the result of nutrient loading from on-site waste water treatment systems (septic systems, including cesspools; Cape Cod Commission 2015; Howes, Samimy, and Dudley 2003) . Excess algal growth leads to reduced aesthetic quality of coastal areas and it affects the quality or availability of recreational opportunities for the adjacent communities.
The Federal Clean Water Act requires the state of Massachusetts to identify impaired waterbodies and estimate the total maximum daily load (TMDL) of a pollutant that would resolve the impairment. On average for the estuary systems on the Cape, nitrogen loading needs to be reduced by 32% to achieve the TMDLs (Cape Cod Commission 2015) . Towns are considering a combination of sewering and alternative approaches including the use of shellfish aquaculture and shellfish seeding, permeable reactive barriers, and localized wastewater treatment technologies to meet these nitrogen load reductions. The performance of these alternative technologies to reduce nitrogen, their social acceptability, and their costs complicates decisions on where, when, how, and to what extent to use them in meeting the TMDLs (Cape Cod Commission 2017b).
Results
Our resilience framework for chronic exposures consists principally of the primary feedback loop between the ecological and social systems, as connected through ecosystem services and policies and interventions (Figure 2) . It reflects the steps in a possible adaptive management process that leads the system to trend towards one dynamic equilibrium or another depending on the strength and timing of this feedback loop and the functioning of elements of the system. We purposefully maintained parallel concepts between the ecological system and social systems (exposure: ecosystem services, sensitivity: sensitivity, ecological impact: social impact, and recovery potential: adaptive capacity) for the benefit of making them analogous to those concepts that are closer to any one team-member's field (Figure 2 and Table 1 ). The terms defined specifically for use in this framework are italicized and bolded where they are defined in the text. The intention of this layout is to clarify the causal chain from any one component to the overall function of the social-ecological system and its resilience. Below, the elements are discussed within the context of the Cape Cod social-ecological system and its nutrient issues.
Nitrogen enters the ecological system as an exposure resulting from the social system's existing policies and practices for producing and treating nitrogen. On Cape Cod, the greatest proportion of nitrogen is from insufficient wastewater treatment (primarily the result of septic systems, including cesspools). Nutrients dissolved in wastewater enter the groundwater and coastal waters over varying time frames depending on where they were emitted and the speed of groundwater flows. Due to the geology of the Cape, groundwater travel times from septic systems to the embayments on Cape Cod range from essentially zero for properties abutting the embayments to more than 100 years for properties further inland (Walter, Masterson, and Hess 2005) . The uplands-coastal system has a natural ability to attenuate some of these nutrient flows. However, the Figure 2 . Social-ecological system resilience framework for chronic exposures. Note. The circular nature of the framework represents the connections between the social system and the ecological system as well as the primary stabilizing feedback loop of the overall social-ecological system. The elements of the framework are defined in Table 1 in a water quality context and applied to the Cape Cod social-ecological system. system's capacity to remove excess nutrients is not unlimited. When the waste from the local population exceeds this assimilative capacity, excess nutrients reach the estuaries.
Sensitivity of the ecological system is an estuary's (or its components') susceptibility to harm from nitrogen exposure. Generally, and on Cape Cod, estuaries are nitrogen limited causing sensitivity to influxes of changes in loading (Nixon 1992; Valiela et al. 1990; Tomasky et al. 1999) . The influence of nitrogen on the system is based on a number of factors including hydrodynamics of the estuary and the habitat types. For example, habitat type sensitivity for the Cape's estuaries ranges from relatively sensitive seagrass beds to less sensitive mud flats. Ecological impacts are structural or functional changes resulting from the interaction of exposure and sensitivity and represent the degree to which the estuary is affected. Eutrophication can decrease water clarity, induce hypoxia, and smother areas with organic matter that can degrade seagrass beds that provide habitat for shellfish, fish, and other organisms (Driscoll et al. 2003; Howes et al. 2003) . Loss of seagrass habitat (i.e., eelgrass, Zostera marina L.) is often used as a measurement of ecological impact in TMDLs for estuaries like those on Cape Cod because of the sensitivity to poor water clarity, which often results from eutrophication (Howes et al. 2003) . Partly as a result of eutrophication, some estuaries on Cape Cod have lost most, if not all, of their historic seagrass coverage (Costello and Kenworthy 2011) . Seagrass coverage is important because these systems stabilize sediment, and alter water flow, nutrient cycling, and food web structure which influence the physical, chemical, and biological environments in coastal systems (Orth et al. 2006) . Ecological impacts need not be limited to habitat measures but might also encompass other outcomes of the ecological system's functioning that ultimately relate to ecosystem services affecting the social system, such as the frequency and magnitude of algal blooms or declining species richness.
There is an increasing body of vulnerability research that extends beyond traditional risk assessment (e.g., Turner et al. 2003; Kasperson et al. 1988) to identify ways in which social and ecological systems may be impacted differently depending on recovery potential (ecological) or adaptive capacity (social). In our framework, the recovery potential of the ecological system is the ability of the system to regain its structure and/or functional condition over time, given a reduction in exposure. Visually, recovery potential is the ease at which the system returns to the dynamic equilibrium resulting in high levels of ecosystem services (Figure 1c) . The recovery potential of a specific Cape Cod estuary might be affected by its volume and the water residence time, benthic stocks of existing nitrogen, or the abundance of species (such as seagrasses or shellfish) that might be necessary for the estuary to return to a condition in which it can sustainably deliver high levels of ecosystem services. In other cases, the system's recovery potential may be minimal if important structural and/or functional thresholds are crossed (e.g., after the loss of a keystone species). Notably, not all ecological perturbations are reversible (Palumbi, McLeod, and Gr€ unbaum 2008) .
Typically, recovery potential refers to a pulse-response relationship more appropriate to an acute hazard. This complicates the concepts of recovery potential and sensitivity given the chronic nature of the nitrogen exposure, as there is not a clean "before and after" in relation to the exposure. Recovery potential is similar to the sensitivity of the system, but we make a distinction between the effect of a constant or increasing exposure and the effect of a decrease in exposure. This distinction between sensitivity and recovery potential is a result of hysteresis, where the response of a system is dependent on the history of exposure, making positive or negative changes in exposure result in asymmetric system responses (Harris 1999) . For the Cape, the chronic nitrogen exposure has led to elevated concentrations of nutrients in the benthic sediments, decreased benthic species abundance and diversity, and changes in water clarity, which affect the state of the system as well as both its recovery potential and sensitivity.
Ecological production functions are used to describe the change in the provision of ecosystem services for a given level of ecological impact. The functions connect ecosystem structure and function to FEGS endpoints, those directly used to yield human well-being (Landers and Nahlik 2013; Johnston and Russell 2011) . Therefore, the quantity and quality of inputs from the ecological system received by the social system are delivered through final ecosystem services. Although they are not necessary in all cases to conceptualize benefits from nature, the FEGS definitions help to separate the quantifiable but intermediate services of nature from those that are directly valued by people. Recreational opportunities are among the most salient and valuable benefits provided to residents and visitors of the Cape by the ecosystem services of the estuaries. These recreational opportunities may be reduced or rendered impossible when water quality, as well as the shoreline and bottom conditions, are degraded.
The sensitivity of the social system is the susceptibility to harm of the community or individuals from changes in ecosystem services. Environmental economists might quantify sensitivity by relating changes in aggregate market and non-market values to changes in the ecosystem services in question (Tietenberg and Lewis 2010) . A number of factors affect this relationship, such as the scarcity of recreational opportunities, social preference, or the community demographics (e.g., Smith et al. 2016) . For example, a Cape Cod community may be more sensitive if most of its members have chosen to live in the area because of its water recreation opportunities. The community may also be sensitive to market impacts from changes in ecosystem services based on its level of dependence on tourism revenue.
The combination of the ecosystem services provided through water quality improvements or degradation and the sensitivity of the social system to changes in those services determines the social impact. This impact can be measured through losses or gains of recreational opportunities, changes to sense of place, economic activity including tourism revenue, and other socio-economic indicators. Excess algal growth leads to reduced aesthetic quality of coastal areas and may affect the quality or availability of recreational opportunities for the adjacent communities. Large mats of sea lettuce (Ulva lactuca L.) and other macroalgae can cover beaches and shellfishing areas, which inhibits water-based recreation (see e.g., Spillane 2016). There is evidence that eutrophication has led to decreased residential property values on the Cape (Ramachandran 2015) , but the broader social impacts, such as those related to recreation, are still being identified.
The adaptive capacity of the social system is its individuals' and institutions' abilities to respond to and moderate negative social impacts from the chronic stressors by capitalizing upon opportunities and creativity and coping with any remaining consequences (modified from Gupta et al. 2010) . The adaptive capacity for Cape communities is determined by their social, political and regulatory structure, budgetary constraints, human capital and the available technologies. In this framework, adaptive capacity leads to the ability to reduce nitrogen loading in the system through policies and interventions. The costs of the alternative approaches to nitrogen abatement vary by technology, as do the impacts and intersections with the natural system. Cape Cod's seasonal population spikes and relatively low-density development makes sewering less economically feasible than in more urbanized settings (Cape Cod Commission 2013). The efficacy and costs of alternatives to sewering are less certain, but potential cost savings and ancillary environmental benefits remain enticing. However, estimates of their efficacy, costs, and time until impact at the estuary vary widely. These alternative technologies also have different impacts on segments of the population on the Cape and varying levels of social acceptance.
While we focus on the internal dynamics of the coastal social-ecological system in this framework, we acknowledge the presence of external forces, external impacts and co-benefits. This social-ecological system does not exist alone, but instead, is embedded in multiple levels of systems (Holling 2001) . External forces, whether those be larger environmental forces (e.g., climate change) or regional economic trends (e.g., interest rates), influence the progression of the social-ecological system under consideration. For example, atmospheric deposition of nitrogen certainly affects the system (Valiela et al. 2016) , but decisions for its control are not entirely managed by communities in the system. The system may also produce co-benefits, such as carbon sequestration, or other negative impacts, like debt burdens, to other systems or at other scales.
Discussion
The chronic nature of the nutrient enrichment problem on the Cape led to a number of insights important to understanding and managing the resilience of a social-ecological system. Nitrogen over-enrichment erodes the resilience of an estuary, triggering effects throughout the system. Relative to acute events, the increased length of time a social system has to respond to slow-impact stressors provides increased opportunities to modify behaviors, policies, and practices to address or mitigate the impacts (Cutter et al. 2008) . Despite having sufficient time, social systems often do not effectively recognize and address chronic stressors leading to water quality degradation. On Cape Cod, nitrogen loading into many of its estuaries has not decreased despite regional planning efforts to address the issue dating back to the 1970s (Cape Cod Commission 2015; Cape Cod Planning and Economic Development Commission 1978) . Put in the context of our resilience framework, the primary feedback mechanism, from changes in ecosystem services through implementing policies and interventions, has been weak or slow. We discuss below why this might be the case given the structure of the social-ecological system on the Cape. Targeted and integrated research designed through this framework could enhance the resilience of the Cape social-ecological system by clarifying and strengthening the elements in the primary feedback mechanism of the system by filling knowledge gaps needed to inform ongoing management decisions.
There are many parts of the Cape's social-ecological system feedback loop that could be strengthened or better understood. Research directed at reducing the uncertainty in the sensitivity of the communities to changes in ecosystem services is needed to quantify the benefits to human well-being of investment in recovery of the estuaries. Without this information, the formidable costs of improving water quality lack defensible counterbalances in public debate as to how and when to intervene. Research is needed to understand the efficacy of nitrogen mitigation strategies, in addition to the social factors that lead a community to choose to implement a particular nitrogen mitigating policy or action.
Uncertainty in the ability of certain policies and interventions to reduce nitrogen loading constrains their possible use. As a result of this limitation, research is being conducted on the effectiveness of a number of approaches. These include determining the efficacy of certain ecological restoration efforts for reducing nitrogen loads and improving water quality. One of these efforts is the conversion of a cranberry farm to a freshwater wetland. In addition, we are installing and monitoring a living shoreline (constructed from coir logs, sand, plants and mussels) to protect salt marsh habitat. A third effort is examining the viability of home septic-scale permeable reactive barriers that could be subject to saltwater intrusion. The results of these studies will provide communities and decision makers with valuable information on the effectiveness of these approaches for changing the exposure, in this case removing or sequestering nitrogen. This information can be used by managers to develop remediation strategies tailored for each watershed and community.
Compounding the uncertainty in the policies and interventions, is uncertainty in the state, functioning and trajectory of the ecological system. In response, we are investigating monitoring approaches to provide observable measures of changes in exposure and ecological impact, and possibly track recovery. We are investigating the use of stable isotope analyses to evaluate the impact of nitrogen intervention strategies in affecting the ecological impacts in the estuary itself and not just at the various project sites.
The functioning of the social components of the system (sensitivity, social impact and adaptive capacity) are not well-understood. The Cape's social system consists of yearround residents, seasonal residents and tourists. Sensitivity to changes in the provision of ecosystem services from the coastal estuaries likely differs by the type of beneficiary or community as they are more or less dependent on these ecosystem services or more or less temporary to the region. We are conducting research to quantify the demand for ecosystem services supporting recreation at a community scale through social science and environmental economic valuation methods using focus groups, on-site counts, and spatial modeling.
Across the Cape, the burden of the costs and responsibility for reducing the nitrogen exposure, as well as benefits from improvements, fall unequally across communities. Because of the breadth of some watersheds, there are communities who may be contributing nitrogen to an estuary but are miles from the coastline. These asymmetries make self-organization of communities or stakeholders, an important element of adaptive capacity, more difficult (Folke et al. 2002) . Structured approaches to decision making allow scientists and decision makers to investigate problems where ecological and social information must be modeled and integrated to compare management decisions (Gregory et al. 2012) . We are working with local watershed managers in a degraded watershed on the Cape to illustrate this approach and incorporate ecosystem services as a water quality management objective (Martin et al. 2018) . We are also conducting semi-structured interviews with managers on the Cape to identify barriers and opportunities to the use of alternative technologies beyond just financial costs and efficiency in nitrogen reduction.
The chronic nature of the exposure further complicates management. This includes an extended history of nitrogen already in the estuary, the time it will take policies and intervention to affect the loading, and the long time it may take the socio-political system to identify social and ecological impacts. When these factors are combined with social time discounting (EPA 2010; Frederick, Loewenstein, and O'donoghue 2002) , the strength of the translation from ecological impact to exposure-reducing actions is weakened. In response, we are explicitly modeling the dynamics of the delivery of nutrients to the estuary through groundwater, comparing various policies and interventions in terms of their time to impact. We seek to estimate efficient solutions through dynamic optimization methods for where, when, and how to intervene through the watershed and in the estuary itself.
Conclusion
Nitrogen pollution and other water quality issues are complex problems. Tackling these problems requires understanding both the ecological system and social system, as well as the many connections between these systems since the structure and function of one depends on the other. Our framework was developed to inform interdisciplinary research on Cape Cod related to estuarine nutrient loading, but it is intended to be flexible to other systems with chronic water quality issues. The Cape is not unique in its coastal eutrophication issues, even regionally in New England. Efforts are ongoing in Narragansett Bay, Long Island Sound, and Boston Harbor to address similar problems.
Beyond coastal water quality issues, framing the research agenda in terms of ecosystem services, resilience and social-ecological systems concepts may be beneficial in generating future interdisciplinary research hypotheses and to inform long-term community planning decisions. This approach may be useful for application to other chronic stressors, such as coastal erosion, salt marsh degradation, ocean acidification, and sea-level rise. Research efforts should target resilience-limiting gaps in knowledge and reduce uncertainty in our understanding of key components of the system that inhibit effective management.
